Phyllotaxis describes the periodic arrangement of plant organs most 11 conspicuously floral. Oscillators generally underlie periodic phenomena. A 12 hypothetical algorithm generates phyllotaxis regulated by the Hechtian growth 13
mathematical approach comprehensively reviewed in [6, 9, 10] . However, more recent 79 work emphasizes a cell wall stress vector generated by rapid cell expansion in the 80 protoderm that re-orientates auxin efflux PIN proteins of neighbouring cells and thus 81 directs auxin transport (and the inferred generation of Ca 2+ waves) that regulate 82 growth and differentiation (e.g. [11] [12] [13] [14] ). The present paper complements these and 83 more recent models of [15] but with the notable exception of [16] none consider a 84 possible role for cell surface AGPs. However, "Nature keeps some of her secrets 85 longer than others" [17] . That includes the elusive molecular function of classical 86
AGPs [18] [19] [20] . Identified some fifty years ago [21] [22] [23] . AGPs remained "A Great 87
Puzzle" until the recent demonstration that AGP glycomodules bind Ca 2+ specifically 88 [24] . They form a cell surface AGP-Ca 2+ capacitor that involves the interaction of 89 three essential ions auxin, H + and Ca 2+ . These "morphogens" of the Ca 2+ insight was much closer to reality than the "two interacting morphogens" he 106 envisaged. 107
The ingenuity of Mother Nature exceeds our human imagination by involving three 108 interacting ions, auxin, protons and Ca 2+ (Figure 1 .) as the master regulator of plant 109 growth. Although ion accumulation studied for more than 80 years [27] has generally 110 assumed the relative immobility of Ca 2+ ionically bound to the cell wall; non-111 intuitively Ca 2+ bound by cell surface AGPs now appears to be the major source of 112 dynamic cytosolic Ca 2+ . Counter-intuitively the mechanism for the release of dynamic 113 Ca 2+ from ionically bound AGP-Ca 2+ is not obvious. However, the paired glucuronic 114 carboxyls of AGP glycomodules explain the remarkable stoichiometric Ca 2+ -binding 115 properties of periplasmic AGP-Ca 2+ ; its dissociation by an auxin-activated proton 116 pump predicts an essential role of AGPs in Ca 2+ 
Is the Hechtian Oscillator just an Hypothesis? Direct evidence? 176
The correlation between Hechtian adhesion and tip growth also implies that 177 transduction of the wall stress vector with concomitant activation of the proton pump 178 releases Ca 2+ from a tip-localised AGP-Ca 2+ capacitor, hence a source of the tip-179 focussed Ca 2+ influx. Although initially an inference, direct experimental evidence 180 
Regulation of Ca 2+ homeostasis is thus the major function of the proton pump 253
rather than the regulation of wall pH. Arguably the mechanism involves Hechtian adhesion that transmits wall stress 359 directly to the plasma membrane rather than indirect transmission via "statoliths". 360
During rapid tip growth of pollen tubes and root hairs, Hechtian adhesion 361 predominates at the growing tip where wall stress-strain is most apparent and 362 exocytosis maximal. This correlation implies that the stress vector relocates Hechtian 363 adhesion sites at a malleable cell wall and this in turn directs the exocytosis of wall 364 precursors including auxin-efflux PIN proteins. (cf. Fine control of pectin rheology by small diffusible AGP peptides has not previously 401 been considered. Similar reasoning may apply to some monocots where 402 glucuronoxylans largely replace pectin [58] . Finally, we can only agree that: "Cell 403 expansion thus appears to be intimately linked to these wall sensor pathways in ways 404 we are only beginning to fathom." [56] . function of the activity of five major variables or determinants shown in the 493 speculative graph taking petal phyllotaxis as an example ranging from 3 to 34 petals. 494
It assumes that the cell wall stress vector CWsv is essentially constant for a given 495
SAMPa. 496
Protoderm AGP content [activity] is the primary determinant based on the 497 simple hypothesis that size of the AGP-Ca 2+ capacitor determines the periodicity of 498 primordia initiation (see Fig 4. ) where a large capacitor generates more primordia. 499
The graph correlates the Fibonacci series with AGP expression and activity of other 500 factors particularly the proton pump not previously connected with phyllotaxis. Other 501 determinants illustrate an inferred heirarchy based on the size of their relative input to 502 the Hechtian growth oscillator. 503
The beguiling simplicity of the above plot inferred largely from biochemical 504 observations, is in strong contrast to previous complex formulations based largely on 505 mathematical/geometrical logic. 506 507
Evolutionary origin of angiosperm phyllotaxis 508
The evolutionary history of the stem apical meristem from a relatively simple 509 arrangement of apical cells in the Bryophytes and ferns culminates in the 510 morphogenetic protoderm of the angiosperms. Here we conjecture that hybridisation 511 may solve the riddle of Fibonacci phyllotaxis and its evolutionary origins. Ca 2+ rapidly and therefore generate numerous primordia within a shorter range than in 517 a protoderm with weaker AGP expression and therefore with more cells between 518 primordia. For example, lower activity of the proton pump and a smaller AGP-Ca 2+ 519 capacitor increase spacing between primordia. Unlike the animal kingdom plants have 520 an enormous a propensity for polyploidy and hybridisation that we suggest provides a 521 simple biochemical explanation for an evolutionary origin of the well-known 522 [63]: "It was obviously my hope that the chemiosmotic rationale of vectorial 553 metabolism and biological energy transfer might one day come to be generally 554 accepted, and I have done my best to argue in favour of that state of affairs for more 555 than twenty years…was it not the great Max Planck who remarked that a new 556 scientific idea does not triumph by convincing its opponents, but rather because its 557 opponents eventually die?". Although Mitchell's unconventional ideas were initially 558 rejected they were finally recognised. Their universal applicability has become 559 apparent more recently. In simple photoautotrophs, light-driven proton gradients 560 involve bacteriorhodopsin while in more advanced eukaryotes an electron transport 561 chain generates mitochondrial proton gradients. Proton pumps and their regulation are 562 thus at the epicentre of plant growth that, stripped to its bare essentials, depends on 563 three morphogen gradients, auxin, protons and Ca 2+ rather than just two. 564
However, these gradients do not arise by simple diffusion but are regulated by auxin 565 efflux "PIN" proteins whose discovery began with Rubery and Sheldrake's [64] 566 classic experiments in the laboratory of D.H. Northcote [65] . PIN proteins control 567 auxin gradients and auxin levels that activate the proton pump while the cell wall 568 stress vector opens Ca 2+ channels that generate cytosolic Ca 2+ gradients. Thus the 569 Hechtian growth oscillator is an extrapolation of Mitchell's chemiosmosis that unifies 570 physics and chemistry in a minimalist approach to regulating plant growth. Indeed 571 precursors to life surely involve proton gradients as a basis of prebiotic energy 572 transduction and the universal proton pump of exoplanet life in the habitable zone. 573 574 Acknowledgements: 575 We gratefully acknowledge our home Academic institutions for the past many years 576 of support that has made this and previous work possible. 577 578
We are indeed greatly indebted to our colleague Mr. Ben Coleman for the 579 supplementary information S1 animation of the Hechtian Oscillator ion fluxes. 580 581 582
